Vacancy-type defects in Mg-doped GaN were probed using a monoenergetic positron beam. GaN films with a thickness of 0.5-0.7 lm were grown on GaN/sapphire templates using ammonia-based molecular beam epitaxy and characterized by measuring Doppler broadening spectra. Although no vacancies were detected in samples with a Mg concentration [Mg] . The major defect species was identified as a complex between Ga vacancy (V Ga ) and multiple nitrogen vacancies (V N s). The introduction of vacancy complexes was found to correlate with a decrease in the net acceptor concentration, suggesting that the defect introduction is closely related to the carrier compensation. We also investigated Mg-doped GaN layers grown using In as the surfactant. The formation of vacancy complexes was suppressed in the subsurface region ( 80 nm). The observed depth distribution of defects was attributed to the thermal instability of the defects, which resulted in the introduction of vacancy complexes during the deposition process. Published by AIP Publishing.
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I. INTRODUCTION
Gallium nitride (GaN) is widely used to fabricate optoelectronic devices emitting in the blue and near-ultraviolet wavelength ranges, 1 and GaN-based electronic devices have been studied for use in high-power, high-frequency operations. 2 The potential of GaN devices is mainly attributable to the physical properties of GaN, such as its wide bandgap (3.4 eV), large breakdown electric field (3.3 MV cm À1 ), and high saturation electron velocity ($2.5 Â 10 7 cm s
À1
). Up to now, most GaN-based devices have been fabricated on nonnative substrates such as sapphire and SiC using metalorganic vapor phase epitaxy (MOVPE) and molecular beam epitaxy (MBE). Recently, native substrates have started to gain popularity due to advancements in hydride vapor phase epitaxy (HVPE) and ammonothermal GaN growths. 1, 3 Substrates produced by those methods are expected to further expand commercialization of optical and electrical devices.
In the fabrication process of GaN devices, controlled impurity doping is essential; Mg is a dopant that enables the reproducible growing of p-type GaN. For MOVPE-grown GaN, Mg is doped using a biscyclopentadienyl-magnesium (Cp 2 Mg) source, and thermal annealing (!600 C) is performed to eliminate hydrogen passivated Mg and activate the dopants.
1,4 MBE has also been successfully used for the growth of p-type GaN. Using a solid Mg source, it is possible to grow Mg-doped GaN without hydrogen passivation, and p-type GaN with high hole concentrations can be grown without post-growth thermal treatment. [5] [6] [7] Because of the large ionization energy of Mg (about 180 meV), however, the hole concentration is only a few percent of the Mg concentration [Mg] . 1, 8 Thus, one of the main obstacles remaining in the development of high performance GaN devices is the difficulty in achieving high hole concentration.
It is commonly understood that the doping efficiency starts to decrease above [Mg] ffi 2Â10 19 cm
À3
, 9 an effect that has been attributed to the introduction of compensating defects such as point defects, structural defects, Mg precipitates, and polarity inversion domains. [10] [11] [12] [13] It has been reported that the use of ammonia-based MBE (NH 3 -MBE) coupled with relatively low growth temperatures (740-760 C) yields the highest hole concentrations. 14, 15 In addition, the MBEgrowth with an indium surfactant was reported to be effective to suppress the introduction of compensating defect in Mgdoped GaN. 16 For MBE, low growth temperature should result in lower thermal stress during cooling, less diffusion, and a reduced concentration of compensating centers. However, because MBE film growth is primarily governed by atomic kinetics at the surface, the GaN layers could grow under a non-thermal equilibrium condition, which could introduce defects through post-growth processes. It has also been suggested that the creation of Mg-H complexes during the growth of MOVPE-GaN suppresses the formation of other compensating defects. 10 Thus, knowledge regarding native defects introduced by high Mg doping in MBE-GaN is crucial to improving the optical and electrical properties of GaN-based devices. Positron annihilation, a powerful technique for evaluating vacancy-type defects in semiconductors, 17, 18 has been used to investigate defects in group-III nitrides. [19] [20] [21] [22] [23] [24] [25] [26] In the present study, we used a monoenergetic positron beam to probe native vacancies in Mg-doped GaN grown by NH 3 -based MBE.
II. EXPERIMENT
In the experiments described in this study, samples of Mg-doped GaN films were grown by NH 3 -MBE on the GaN/ sapphire templates while varying the Mg concentration between 3 Â 10 17 and 4 Â 10 20 cm
À3
. The specific growth method, morphology, and electrical properties of samples prepared using this method are described elsewhere. 14, 27 Sidoped (0001) GaN(4 lm)/sapphire templates were prepared using MOVPE, and they were used as templates. Using NH 3 -MBE, after deposition of a 0.5-lm-thick undoped GaN buffer layer on the templates, Mg-doped GaN layers were grown. . For In x Ga 1Àx N (x ¼ 0.05-0.56), it was reported that the vacancy-type defects were introduced by increasing InN mole fraction, 28 but this effect should not be dominant for the present sample. To serve as a reference sample, 0.6-lm-thick Mg-doped GaN layers were deposited by MOVPE on the GaN/templates and, they were characterized with same experimental conditions. For these samples, the Mg concentration was varied from 3 Â 10 17 to 5 Â 10 19 cm
; their growth method and properties are described elsewhere. 9 For the sake of comparison, a high-quality Si-doped GaN (carrier concentration ¼ 10 18 cm
) grown by HVPE was used. The growth method and properties of the samples prepared by a similar condition which used in the present experiment are described elsewhere. 29 Details of the positron annihilation technique are described elsewhere. 17, 18 In the present experiments, Doppler broadening spectra of the annihilation radiation as a function of the incident positron energy E were measured using Ge detectors. The total counts of the Doppler broadening spectrum were 6 Â 10
5
, and the energy resolution of the Ge detector was 1.2 keV (at full width at half maximum: FWHM). The spectra were characterized by the S parameter, defined as the fraction of annihilation events over the energy range of 510.2-511.8 keV, and by the W parameter, defined as the fraction of annihilation events in the ranges of 504.2-507.6 keV and 514.4-517.8 keV. They were also measured using a coincidence system. The total count of the coincidence Doppler broadening spectrum was 3 Â 10 6 . The relationship between S and E was analyzed using VEPFIT, a computer program developed by van Veen et al. 30 (its application to GaN is described elsewhere 20, 31 ). The S-E curve was fitted using
where F e (E) is the fraction of non-thermalized (epithermal) positrons annihilated at the surface, and F s (E) and F i (E) are the fractions of thermalized positrons annihilated at the surface and in the i-th layer,
. S e , S s , and S b are S parameters, respectively, corresponding to the annihilation of epithermal positrons at the surface and of thermalized positrons at the surface and in the bulk.
Doppler broadening spectra corresponding to the annihilation of positrons were theoretically calculated using QMAS (Quantum MAterials Simulator) code, 32 which uses valenceelectron wavefunctions determined by the projector augmented-wave (PAW) method. 33 To describe the exchange and correlation energy of electrons, the generalized gradient approximation was used. Calculations were performed on orthorhombic supercells equivalent to 4 Â 4 Â 2 wurtzite cells. The supercell dimensions were 2 ffiffi ffi 3 p a 0 Â 4a 0 Â 2c 0 , where a 0 ¼ 0.3189 nm and c 0 ¼ 1.03725 nm were the lattice parameters of the wurtzite cell. For the supercell containing a defect, atomic positions in the fixed cell were computationally optimized through a series of first-principles electronic-structure calculations. The formalism of the local density approximation was used in the calculation of the positron wave functions. The simulated spectra were characterized by the S and W parameters, where the energy resolution of the Ge detector was convoluted. The Doppler broadening spectra for the typical cation vacancies were calculated and the results were reported in the previous works. 31, 34 The localization of positrons near Mg atom at the N site (Mg Ga ) was also reported in Ref. 34 . The present paper reports the result of the simulation for (Mg Ga ) 2 .
III. RESULTS AND DISCUSSION
A. Behavior of positrons in Mg-doped GaN Figure 1 displays the S values of Mg-doped GaN grown by NH 3 -MBE as a function of incident positron energy E. The S-E curve for HVPE-GaN is also shown. The mean implantation depth of positrons z is shown on the upper horizontal axis, where the relationship between z and E was given in Ref. 35 . For HVPE-GaN, the S value increased with decreasing E, which corresponds to the diffusion of positrons toward the surface: the large S values at low E (ffi0.1 keV) are associated with the annihilation of positrons at the surface. 17 The S value saturated at E > 20 keV, suggesting that almost all positrons annihilate in the bulk in this energy range. The observed S-E curve was fitted using VEPFIT; the solid curve is a fit to the experimental data. The diffusion length of positrons was obtained as 92 6 3 nm, a typical value for defect-free (DF) GaN, and the S value in the highenergy region (0.442) corresponds to the S value for positron annihilation from the delocalized state. schematically show typical surface band bending of n-and p-type semiconductors. It is generally accepted that upward band bending occurs because of the presence of electron traps at the surface of an n-type semiconductor [ Fig. 2(a) ], causing a decrease in the electron concentration near the surface. This charge distribution introduces an electric field toward the surface in the depletion layer. For a p-type semiconductor [ Fig. 2(b) ], hole traps at the surface cause downward band bending. Thus, in Mg-doped GaN, the diffusion of positrons toward the surface is suppressed by the electric field introduced by downward band bending.
For HVPE-GaN, the derived value of S s was 0.4667 6 0.0004. The dotted lines in the inset of Fig. 1 show the fitting curves excluding the effect of epithermal positrons on S, and the intersection between the dotted line and the vertical axes matches S s . The S s value for MBE-GaN with [Mg] ¼ 4 Â 10 19 cm À3 was derived as 0.4440 6 0.0004. The observed increase in S at E ffi 0 keV for this sample was mainly due to the annihilation of epithermal positrons at the surface. Because of the high kinetic energy of epithermal positrons, its annihilation characteristic is unlikely to be influenced by material properties. The observed behavior of S for p-type GaN has previously been reported, 34, 36 and the decrease in the S s values can be attributed to the annihilation behavior of positrons at the surface of p-type GaN.
Figure 2(c) shows an interaction mechanism for thermalized and epithermal (non-thermal) positrons diffusing back to the surface. 17 Because the positron work function / þ is negative (2.4 eV), 37, 38 thermalized positrons can be emitted to the surface from the bulk. Some positrons are emitted into the vacuum without annihilation; others may annihilate from multiple states, including annihilation with electrons at the surface or annihilation from positronium (Ps: a hydrogen-like bound state between a positron and an electron). 17 Ps exhibits two spin states: para-Ps (p-Ps), a singlet state; and ortho-Ps (o-Ps), a triplet state. P-Ps annihilates via the 2-c process and emits c-rays with an energy of 511 keV. Thus, the S value is sensitive to the formation probability of Ps at the surface. No Ps is formed in bulk GaN. Prior to annihilation or Ps formation, positrons might be trapped in the surface image potential or in surface defects. For GaN, the branching ratio has been reported to be 48% positron emission, 12% Ps formation, and 40% annihilation at the surface. 38 For semiconductors, the lifetime of positrons at the surface is longer than the lifetime for bulk annihilation. 17 Using an analogy of the trapping of positrons by vacancytype defects, the S value corresponding to the positronelectron annihilation at the surface is considered to be higher than that corresponding to bulk annihilation. Thus, the p-Ps annihilation and the positron-electron annihilation at the surface are the origins of the large S value at the surface. For ptype GaN, however, it can be assumed that the positron wave function at the surface is pushed back toward the bulk because of the presence of holes at the surface [ Fig. 2(b) ], which suppresses the positron-electron annihilation and/or 
FIG. 2. Schematic diagrams showing the energy levels and charge distributions in (a)
n-type and (b) p-type semiconductors, where E SS , E C , E V , and E F are the energy levels of the surface state, the conduction band minimum, the valence band maximum, and the Fermi level, respectively. The drift diffusion of a positron in the depletion region occurs towards the surface in ntype semiconductors, but its direction is opposite for p-type semiconductors (shown as arrows). The diffusion and annihilation behaviors of positrons near the surface are shown in (c). The potential of a thermalized positron is also shown in the same figure. the Ps annihilation at the surface. As a result, the S s value decreases at the surface of Mg-doped GaN.
In p-type GaN, Mg acts as a shallow trapping center for positrons, and the localization of the positron wave function around Mg near the surface also could suppress positron annihilation at the surface. It has been reported that the positron density increases near Mg, suggesting that Mg Ga acts as a shallow trap for positrons. 34 Calculations showed that a further localization occurs for (Mg Ga ) 2 . Doppler broadening spectra obtained for Mg Ga and (Mg Ga ) 2 were characterized in terms of S and W parameters, which turned out to be close to those for defect-free (DF) GaN (Fig. 4) . Therefore, we can conclude that no large change in S and W occurs when positron localization occurs around Mg Ga or (Mg Ga ) 2 . However, because these act as trapping centers, positron diffusion toward the surface is suppressed. The behavior of positrons near Mg Ga might be analogous to hole localization or hydrogen trapping by Mg Ga . 10, 39 B. Vacancy-type defects introduced by Mg doping to GaN
As shown in Fig. 1 , suggesting the introduction of vacancy-type defects Mg doping. The obtained S-E curve for the sample without the surfactant was analyzed using four layers in the fitting model. The Mg-doped layer was divided into two layers (first and second layers), and third and fourth layers correspond to the undoped GaN layers grown by MBE and MOVPE, respectively. The S-E curve was well reproduced without assuming the positron annihilation at the interfaces between those layers. The S values for the first and second blocks (S 1 and S 2 ) were found to be 0.4476 6 0.0002 and 0.4520 6 0.0004, respectively. The position of the interface between the first and second layers, D 1/2 , was found to be 70 6 10 nm. The same analysis was performed for the sample with the surfactant, and the values of S 1 , S 2 , and D 1/2 were obtained to be 0.4446 6 0.0002, 0.4488 6 0.0004, and 80 6 10 nm, respectively. From these analyses, it can be concluded that the introduction of vacancies was suppressed in the subsurface region ( 80 nm); we will discuss the depth profiles of vacancies in Mg-doped layers later. For the sample with the surfactant ([Mg] ¼ 10 20 cm
À3
), the S values at E > 18 keV were higher than those for the sample without the surfactant, which can be attributed to the high S value corresponding to the annihilation of positrons in the undoped GaN layer. For this sample, oxygen was found to accumulate at the interface between undoped GaN layers grown by MBE and MOVPE, and its concentration at the interface was 8 Â 10 19 cm
. This phenomenon was observed only in this sample. No penetration of In was observed below the undoped MBE-GaN layer. Thus, the introduction of defects in the undoped MBE-GaN layer might be related to unintentionally incorporated oxygen at the surface of the template (contamination), and a resultant degradation of the crystal quality of the undoped MBE-GaN layer. Figure 3 shows the values of N A -N D and S averaged using the values measured at E ¼ 6-8 keV as a function of [Mg] . As shown in Fig. 3(b) , the S values for the sample with [Mg] < 10 20 cm À3 were almost identical to the S value for HVPE-GaN, suggesting that no detectable defects were introduced by Mg doping. This result also applies to the sample grown by MOVPE. The S values began to increase above [Mg] ¼ 10 20 cm
, although the increase was suppressed in the sample grown with the surfactant. In Fig. 3(a) . This can be associated with the introduction of carrier compensation centers owing to the over-doping of Mg. The detailed relationships between Mg BEP, [Mg] , N A -N D , and hole mobility have previously been reported for Mg-doped GaN prepared using a method similar to that used in the present work, 40 and the same trends observed. In this study, the highest N A -N D value   FIG. 4 . S-W relationships for Mg-doped MBE-GaN grown with and without an In surfactant. The Mg concentrations are shown in the figure. The value of E was fixed at 7 keV. The result for HVPE-GaN is also shown (E ¼ 30 keV). The (S,W) values were calculated using the QMAS code for positron annihilation in defect-free (DF), Ga , and (Mg Ga ) 2 . The (S,W) values for Be-implanted GaN (GaN:Be) 20 and bulk GaN grown by an ammonothermal method (SCAAT) 41 are also shown. , the N A -N D value for the sample grown with the surfactant was higher than that for the sample without the surfactant. We attribute this to the suppression of the introduction of compensation centers by the surfactant. From the observed relationship between S and N A -N D , it can be concluded that the V Ga -related defects closely correlate with the introduction of the carrier compensation centers. Figure 4 shows the S-W relationships for Mg-doped GaN grown with and without In surfactants. These values were obtained from the coincidence Doppler broadening spectra measured at E ¼ 7 keV ( z ¼ 120 nm), where the positrons implanted with this energy mainly annihilate in the first and second layers in Mg-doped GaN which used in the fitting procedure. A result for HVPE-GaN in which the value of E was fixed at 30 keV is also shown. This (S,W) value is used as the reference for the positron annihilation from the delocalized state. The statistical error bars of the (S,W) values were close to the size of symbol used in the figure. The QMAS code was used to simulate typical V Ga -type defects 19 cm À3 were almost identical to that for HVPE-GaN, suggesting that no detectable defects were present in these samples.
In Fig. 4 , the (S,W) values for Be-implanted GaN 20 and bulk GaN grown by an ammonothermal method 41 are also shown. For Be-implanted GaN (shown as GaN:Be), the (S,W) value corresponds to the positron annihilation in the damaged region introduced by ion implantation. Because the nearest neighbor of the (S,W) value for GaN:Be is the value for a divacancy (V Ga V N ), the major defect species was identified as V Ga V N . The bulk GaN was grown by the ammonothermal method in supercritical ammonia using an acidic mineralizer. The result of this sample is referred as SCAAT TM . The major impurities were oxygen and hydrogen, and their concentrations were around 8 Â 10 17 cm
. The (S,W) values for GaN grown by SCAAT are found on the left-hand side of the line connecting the calculated values for DF and V Ga , suggesting that the major defect species in GaN grown by SCAAT is not "pure" V Ga or V Ga (V N ) n , but vacancy-impurity complexes. Thus, the major defect species was identified as a Ga vacancy coupled with impurities such as oxygen.
The (S,W) value for the sample with [Mg] ¼ 1 Â 10 20 cm
(grown without the surfactant) was found on the line connecting the calculated values for DF and V Ga (V N ) 3 (in the figure, the line connecting the values for DF and V Ga (V N ) 3 is shown). Although the one of the major impurities is oxygen, the (S,W) values for the V Ga (O N ) n (n ¼ 1, 3, 4) are far from the value for this sample. Thus, the major defect species can be identified as V Ga coupled with multiple V N s. V N has been suggested as one of the major carrier compensation centers of Mg-doped GaN. 10 Some of V N preferentially couple with V Ga and can form stable complexes. 42 We can therefore conclude that the observed behavior of defects in the [Mg] ¼ 1 Â 10 20 cm À3 sample is attributable to the introduction of V N and the related formation of V Ga V N complexes. In Fig. 3 . This phenomenon can be attributed to positron localization near Mg nanoclusters and either a resulting suppression of positron trapping by V Ga V N complexes, or a transform and collapse of vacancy complexes into larger three-dimensional defects such as stacking faults. In the latter case, positrons could annihilate in the open spaces adjacent to such defects. For the samples at the highest Mg concentration, a positron might annihilate inside such clusters. The (S,W) value for DF metallic Mg was calculated by the QMAS code, and was obtained to be (0.607, 0.0108). The calculated S value is larger than the S values measured for the present samples. Therefore, assuming that the crystal structure of metallic Mg is similar to that of the nanoclusters, the observed decrease in the S value for Mgdoped GaN cannot be explained by the localization of positrons in the nanoclusters.
As shown in Fig. 1 , the S values at E ¼ 2-4 keV were almost constant for the samples with [Mg] ¼ 1 Â 10 20 cm
grown using the surfactant, and they increased above E ¼ 4 keV. Thus, the formation of the defect complexes in the subsurface region was suppressed in the samples with high [Mg], a tendency that was accelerated when surfactant was used. The introduction of defects in the deeper area would occur during film growth, which suggests that the formation of the vacancy complexes depends not only on [Mg] but also on the deposition processes such as a growth and post-deposition cooling speeds.
IV. SUMMARY
We used positron annihilation spectroscopy to study vacancy-type defects in Mg-doped GaN grown by NH 3 -MBE. Doppler broadening spectra were measured using a monoenergetic positron beam as a function of the incident energy of positrons E. Coincidence Doppler broadening spectra were measured to identify the defect species. The depth distributions of vacancy-type defects were determined from the S-E curves. , the introduction of vacancy complexes was suppressed through the use of an In surfactant during film growth, with the value of N A -N D increasing as a result. The observed inhomogeneity of the defect distribution could be attributed to the thermal instability of defects during or after film growth. We have shown that the positron annihilation parameters are sensitive to native vacancy-type defects in Mgdoped GaN, and that positron annihilation spectroscopy is a useful tool for optimizing the growth parameters of Mg-doped GaN.
